Anisotropic gratings are recorded on bacteriorhodopsin films by two parallelly polarized beams, and the effect of the polarization orientation of the reconstructing beam on the diffraction efficiency kinetics is studied. A theoretical model for the diffraction efficiency kinetics of the anisotropic grating is developed by combining Jones-matrix and photochromic two-state theory. It is found that the polarization azimuth of the reconstructing beam produces a cosine modulation on the kinetics of the diffraction efficiency, being positive at the peak efficiency and negative for steady state. By adding auxiliary violet light during grating formation, the saturation of the grating can be restrained. As a result, the negative cosine modulation for the steady-state diffraction efficiency changes to a positive one. In addition, the steady-state diffraction efficiency is increased appreciably for all reconstructing polarization orientations.
INTRODUCTION
Bacteriorhodopsin (BR) is an organically derived photochromic material that has attracted much interest because of its unique features, such as fast response, high spatial resolution, excellent stability, and fatigue resistance [1] [2] [3] . All these merits have resulted in various potential applications such as optical switches [4] , image and data processing [5, 6] , all-optical display [7] , polarization holography [8, 9] , and optical computation [10] . Many investigations used Kogelnik's coupled-wave theory to analyze diffraction efficiency kinetics of gratings written into BR [11, 12] .
Recently the influence of violet light on the diffraction efficiency of gratings recorded on BR films was studied [13, 14] . It has been found that gratings recorded in BR films by beams of the same linear polarization direction exhibit a dependence of the diffraction efficiency on the orientation of the linearly polarized reconstructing wave. This dependence can be modified by superimposing violet light on the recording waves. The objective of this paper is to provide a model for the diffraction efficiency kinetics of anisotropic gratings in BR by combining Jones matrices and photochromic two-state theory. The influence of the orientation of the reconstructing wave on the diffraction efficiency kinetics is studied with and without violet light. Finally, we investigate the mechanism for the influence of the orientation of the reconstructing wave on the diffraction efficiency kinetics by analyzing and comparing the time-dependent refractive index distributions of the gratings for different polarizations. This paper also gives an insight into studying the kinetics of other dynamic gratings or the polarization properties of gratings.
THEORETICAL ANALYSIS A. Modulation of Polarization Orientation of Reconstructing Wave on Diffraction Efficiency of BR Grating
The assumed scenario for the recording of a holographic grating is shown in Fig. 1 . Two coherent plane waves act as object and reference waves. They are linearly polarized perpendicular to the plane of incidence (X-Z plane) and intersect at an angle of ±␣ with respect to the normal of the sample surface.
The optical fields of the object and reference waves in the sample plane are described by the local Jones vectors:
Here K =2k 0 sin ␣ is the magnitude of the grating vector, and k 0 is the magnitude of the wave vector. The total field resulting from superposition of both components is represented by the Jones vector
If irradiated at a photon energy corresponding to the wavelength = 633 nm, BR molecules change from the initial state to the M state in proportion to the intensity, thus forming a grating. Because of the photoanisotropic selective bleaching of BR molecules, the linear polarized field induces an anisotropy in the film simultaneously.
The resulting transmission matrix of the BR film can be written as [15] t͑t,x͒ = ͫ 
The diffracted field is then given by During exposure the quantities t e , t o , ⌬n e , and ⌬n o are time dependent. For time earlier than the optimal exposure time, the grating is approximately sinusoidal and its modulation amplitude increases, as does the diffraction efficiency. Later the grating saturates and deviates from the sinusoidal behavior. For that reason the diffraction efficiency declines after the optimal exposure time [16] . In order to take the saturation effect into consideration and to describe the kinetics of the diffraction efficiency, we expand the terms t j exp͑ik 0 ⌬n j d͒, where j = e , o, into Fourier series
The Fourier coefficients take the form
Inserting Eq. (7) into Eq. (6), the diffracted field can be written as
The first term of the right-hand side of Eq. (9) describes the nondiffracted wave, i.e., the zeroth-order diffraction component, and the second term describes the first-order diffracted wave. Further terms in Eq. (9) describe higherorder diffraction. Since these higher-order beams do not satisfy the Bragg condition, they are suppressed in a thick medium. From Eq. (9), the diffraction efficiency of the first-order diffracted wave is given by
͑10͒
Here, e = a 1e · a 1e * and o = a 1o · a 1o * denote the diffraction efficiencies for e and o light, respectively. Both quantities are dynamic during the exposure time and depend on the intensity of the recording beams and on the properties of the medium. We will simulate the kinetics of the diffraction efficiency by giving time-dependent expressions of a 1e and a 1o in Subsection 2.B. It is clear from Eq. (10) that the dependence on the azimuth angle of polarization of the reconstruction beam imposes a cosine modulation on the diffraction efficiency. For the case e Ͼ o , the cosine modulation is positive, otherwise negative.
If the violet light polarized parallel or perpendicular to that of the recording beams is superimposed, it does not change the direction of the principal axes of the uniaxial anisotropy, but only its magnitude. Therefore Eq. (4) can also be used to describe the transmission of the sample in case of irradiation with violet light, and the conclusion educed by Eq. (9) applies to this case, too.
B. Diffraction Efficiency Kinetics of Reconstructing Waves of Different Polarization Orientation with and without Violet Light
To describe the diffraction efficiency kinetics of the reconstructing beams of different polarization orientation, we give here the time-dependent expressions for t e , t o , ⌬n e , and ⌬n o in Eq. (10) using the photochromic two-state theory.
Under linearly polarized recording a photoselection of molecules takes place. For simplicity, a BR molecule can be approximated by a linear oscillator, and its extinction coefficient depends on the angle between its molecular dipole vector and the electric field vector [17] : B ͑͒ = ʈ B · cos 2 . We assume that all these anisotropically absorbing molecules are immobilized randomly in the polymeric matrix with a total volume density of molecules N 0 and N 0 /2 per orientation angle . The light-induced changes are described by rate equations based on the twostate model [13] . The state population of molecules whose dipole vector has an angle with respect to the polarization orientation of the recording beams is given by
Here N M ͑t , x , ͒ and N B ͑t , x , ͒ represent, respectively, the volume densities of the M and B state, and k 1 = C B ͑͒ B ͑ 1 ͒ 1 I w ͑x͒ denotes the photoreaction rate of the recording waves. The photoreaction rate of the reconstruction beam is given by k 2 = C B ͑͒ B ͑ 1 ͒ 1 I D in case of polarization oriented parallel (e light) to that of the recording waves and by
the rate for auxiliary violet light, k r =1/ M is the thermal decay rate of the M state at room temperature, and Here, j = e , o refers to reconstructing waves with polarization orientation parallel or perpendicular to that of the recording waves, respectively; e B ͑͒ = B ͑͒, and o B ͑͒ = B ͑ /2−͒.
The changes of the refractive index resulting from linearly polarized recording waves with = 0°are given by [7] ⌬n j ͑t,x͒ = ͵
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Here C B→M represents the proportionality factor between the relative M population and the refractive-index change, ␤ e = 0, and ␤ o = /2.
Inserting Eqs. (13) and (14) into Eq. (8), which is included in Eq. (10), we obtain the diffraction efficiency kinetics of the reconstructing beams for different polarization orientations, as shown in Fig. 2(a) . The corresponding kinetics for the case where violet light is superimposed are shown in Fig. 2(b) Fig. 2 that all diffraction efficiency curves pass through a maximum and then drop to the steady-state diffraction efficiency. Further there is a clear dependence on the polarization orientation of the reconstructing beams. In particular, the closer the polarization orientation of the reconstructing beam is to that of the recording beam, the higher is the peak diffraction efficiency. Without auxiliary violet irradiation [ Fig. 2(a) ] the diffraction efficiencies decrease faster with increasing polariza- tion azimuth of the reconstructing beams, and thus the steady-state diffraction efficiency decreases with . According to Eq. (10) the peak diffraction efficiency exhibits a positive cosine modulation with for the peak and a negative cosine modulation for the steady-state diffraction efficiency, since e peak Ͼ o peak while e steady Ͻ o steady . Adding violet light [ Fig. 2(b) ] does not change the positive cosine modulation at the peak diffraction efficiency. There is only some reduction of all peak efficiencies because of the erasure of the gratings by the violet irradiation. However, the polarization orientation dependence of the steady-state diffraction efficiency reverses, i.e., the closer the polarization orientation of the reconstructing wave is to that of the recording waves, the higher becomes the steady-state diffraction efficiency. Since e peak Ͼ o peak and e steady Ͼ o steady under irradiation with violet light, there is a positive cosine modulation with on both the peak diffraction efficiency and the steady-state diffraction efficiency.
C. Mechanism of Influence of Polarization Orientation of Reconstructing Beam on Diffraction Efficiency Kinetics
To elucidate the mechanism of the influence of the polarization orientation of the reconstructing wave on the diffraction efficiency kinetics, we simulate the refractive index distributions of the gratings ⌬n e ͑x , t͒ and ⌬n o ͑x , t͒ at different exposure times using Eq. (14) . We know for an arbitrary constant const, that ⌬n o ͑x , t͒-const and ⌬n o ͑x , t͒ have the same modulation amplitudes between bright ͑Kx =0͒ and dark stripes ͑Kx = ͒, and they are equivalent in the aspect of influencing diffraction efficiency. For convenience, to compare ⌬n e ͑x , t͒ with ⌬n o ͑x , t͒, we can compare ⌬n e ͑x , t͒ with ⌬n o ͑x , t͒-const instead. Here, const is adjusted to make sure that ⌬n o ͑x , t͒-const has the same minimum value as that of ⌬n e ͑x , t͒.
It can be seen from Fig. 3 that when the diffraction efficiencies reach their peak value, the gratings of e and o light are both sinusoidal. Moreover, the modulation of the grating of e light is larger than that for o light, so the peak diffraction efficiency of e light is higher than that of o light. When the diffraction efficiencies reach steady state, the refractive index grating of e light gets more saturated than that of o light. Hence the steady-state diffraction efficiency of e light is lower than that of o light. Irradiation with violet light can constrain the saturation of the grating for both e and o light. So with violet light the gratings of e light and o light are both approximately sinusoidal when the gratings are in steady state, and the modulation of e light is larger than that of o light, as shown in Fig. 3(c) . Further, the steady-state diffraction efficiency of e light becomes higher than that of o light, and the modulation of the polarization azimuth on the steadystate diffraction efficiency becomes a positive cosine modulation.
MATERIALS AND METHODS
The sample in the experiments was a genetic mutant bacteriorhodopsin (BR-D96N) film. The film had a thickness of 80 m and a free aperture of 19 mm. The optical density of the initial state B was 1.32 at 568 nm, and that of Fig. 3 . (Color online) Profiles of the refractive grating for e and o light at different times: (a) when the diffraction efficiency is at the peak value, (b) when it is at steady state, (c) when it is at steady state and with violet light irradiation. const1 = ͓⌬n o ͑x , t peak ͔͒ min − ͓⌬n e ͑x , t peak ͔͒ min , const2 = ͓⌬n o ͑x , t steady ͔͒ min − ͓⌬n e ͑x , t steady ͔͒ min , and for the case that violet light is added, const3 = ͓⌬n o ͑x , t steady ͔͒ min − ͓⌬n e ͑x , t steady ͔͒ min . Here, min stands for minimum. the long-lived intermediate state M was 0.96 at 407 nm. The lifetime of the M state M was ϳ300 s at room temperature [2] .
The experimental geometry for holographic recording and real-time reconstruction is shown in Fig. 4 . The beam from a CW He-Ne laser ͑633 nm͒ was linearly polarized with orientation vertical to the optical table. It was split into three beams, the object beam I O , the reference beam I R , and the reconstructing beam I D . Object and reference beams intersected at the plane of the BR film at an angle ␣ = ± 7.3°with respect to the film normal. The reconstructing beam counterpropagated the reference beam. The orientation of its linear polarization is adjusted by a combination of a quarter-wave plate and a polarizer. A linearly polarized laser diode LD (IQ2A18, Power Technology Inc., USA) with wavelength 405 nm was used as auxiliary violet light irradiation. The signal wave I S generated by diffraction of the reconstructing beam was phase conjugated to the object wave. It was partly reflected by the beam splitter BS 3 (R47%) and detected by the power meter D (11A Photometer/Radiometer, United Detector Technology Inc., USA), whose analog output was coupled into the digital oscilloscope O (TDS3032, Tektronix Inc., USA) to record the kinetic diffraction trace. The intensities of the object, reference, reconstructing and violet beams were 20 mW/ cm 2 , 20 mW/cm 2 , 0.4 mW/ cm 2 , and 10 mW/ cm 2 , respectively. Shutters S 1 and S 2 were used to control the exposure time.
RESULTS AND DISCUSSION

A. Dependence of Diffraction Efficiency on Polarization Orientation of Reconstructing Beam
Using the setup shown in Fig. 5 , we investigated the kinetics of the diffraction efficiency with reconstructing beams set at polarization azimuth angles = 0°, 30°, 60°, and 90°. The result is presented in Fig. 5(a) . A comparison shows good agreement between the experimental curves and the simulation curves of Fig. 2(a) . This means that the method of combining the Jones matrix and photochromic two-state theory based on diffraction of dynamic gratings is appropriate to describe the kinetics of bacteriorhodopsin gratings and explains the influence of the polarization orientation of the reconstructing beam. In Fig.  5(b) we use Eq. (10) to fit the experimental peak and steady diffraction efficiencies separately. Fitting parameters are o = 0.13%, e = 0.35% for peak diffraction efficiency, and o = 0.026%, e = 0.0122% for steady diffraction efficiency. Note that the fitting result has a positive cosine modulation with for the peak diffraction efficiency, and a negative cosine modulation for the steady diffraction efficiency, which is consistent with the theoretical analysis.
B. Dependence of Diffraction Efficiency on Polarization Orientation of Reconstructing Beam for Irradiation with Violet Light
We also studied the kinetics of the diffraction efficiency of the reconstructing beams with different polarization orientation under violet light at an intensity of 10 mW/ cm 2 . Experimental results are shown in Fig. 6(a) . Figure 6 (b) compares the steady-state diffraction efficiencies with and without violet light.
From Fig. 6(a) we can see that the experimental results are in good agreement with the theoretical curves shown in Fig. 2(b) . From Fig. 6(b) , we know that without violet light the polarization azimuth of the reconstructing beam produces a negative cosine modulation on the steady dif- fraction efficiency, while with violet light the azimuth of polarization of the reconstructing beam produces a positive cosine modulation on the steady diffraction efficiency. At the same time, the steady-state diffraction efficiencies of all the reconstructing beams are improved greatly. These findings are consistent with the above theoretical analysis. On the other hand, there is a deviation of the value of the theoretical kinetics from that of the experimental curves. Possible reasons for this discrepancy may include our ignoring the influence of the thickness of the BR film, the nonuniformity of the laser beam, and also the theoretical assumption that the writing and readout beams, as well as the violet beam, are assumed to be plane waves.
CONCLUSIONS
The diffraction efficiency of anisotropic recording of gratings in bacteriorhodopsin using two parallel linearly polarized beams can be simulated by a combination of Jones matrices and photochromic two-state theory. The influence of the polarization orientation of the reconstructing waves on the kinetics can successfully be elucidated. It is found that as linearly polarized object and reference beams with the same polarization direction record gratings in bacteriorhodopsin films, the polarization azimuth of the reconstruction wave produces a cosine modulation on the diffraction efficiency, with a positive cosine modulation for the peak diffraction efficiency and a negative one for steady-state diffraction efficiency (i.e., a phase difference of ). By adding auxiliary violet light during grating formation, the saturation of the gratings can be constrained. As a result, the negative cosine modulation for steady-state diffraction efficiency changes to a positive one. Furthermore, the steady-state diffraction efficiency is apparently increased.
